Co-Cu alloys containing a nanoscale lamellar structure with a spacing of 3 nm were produced by electrodeposition, and the effects of annealing on the ferromagnetic properties of the electrodeposited Co-Cu alloys were investigated at room temperature. Both the saturation magnetization and the coercivity were decreased by annealing. This is related to a change in the lamellar structure upon annealing. It is suggested that in the d 6 -dependence range of coercivity, the lamellar boundaries play a different role from the grain boundaries.
Introduction
Ferromagnetic nanocrystalline metals have attracted considerable attention for over a decade. 1, 2) For example, nanocrystalline alloys produced by the crystallization of amorphous alloys exhibit superior soft magnetic properties. [3] [4] [5] Electrodeposition is a promising alternative method for obtaining nanocrystalline metals. 6, 7) In particular, electrodeposition can be used to fabricate materials in a nonequilibrium state, resulting in the formation of unique microstructures. Therefore, electrodeposition is effective for the production of new ferromagnetic nanocrystalline alloys.
Co-Cu alloys are promising magnetic alloys. The alloys tend to evolve from a spin glass at low Co concentrations to a reentrant spin glass at medium Co concentrations, and finally to a ferromagnet at Co concentrations of more than 40%. 8) Recently, it has been shown that a nanocrystalline Co 0:93 Cu 0:07 alloy with a high-density nanoscale lamellar structure can be produced by electrodeposition. 9) For this Co-Cu alloy, the average lamellar spacing was about 3 nm and the Cu solute atoms were forced to dissolve in the Co matrix. The unique microstructure strongly affected the mechanical properties of the alloy.
9) It is worthwhile investigating the relationships between the microstructure and the magnetic properties and between the microstructure and the mechanical properties in the Co-Cu alloy. In the present paper, because the nanoscale lamellar structure is altered by annealing, the effects of annealing on the ferromagnetic magnetic properties of the electrodeposited Co-Cu alloy are investigated, and the relationship between the nanoscale lamellar structure and the magnetic properties of saturation magnetization and coercivity is then discussed.
Experimental
Samples of the nanocrystalline Co-Cu alloy with the nanoscale lamellar structure were processed by electrodeposition in a bath (CoSO 4 Á7H 2 O 1 M and CuSO 4 Á5H 2 O 0.025 M) under two different processing conditions. One sample (Sample A) was electrodeposited with no additive and with a direct-current electricity density of 40 mA/cm 2 on an amorphous Fe 79 B 13 Si 9 substrate plate which was fabricated by attaching the amorphous Fe alloy foil with 25 mm in thickness on a pure Fe sheet (100 Â 50 Â 5 mm) covered by nitoflon adhesive tapes. Another sample (Sample B) was electrodeposited with an additive of 0.015 g/L saccharin and with direct-current electricity density of 15 mA/cm 2 on the same type of substrate. The pH of the electrolyte was adjusted to 5.0 using H 2 SO 4 , and the bath temperature was maintained at 292 K during electrodeposition. The electrodeposited films were easily separated from the substrate plate. The as-deposited specimens were annealed at 673, 773, 873 and 973 K for 1 h. Energy dispersive X-ray (EDX) analyses were carried out at 200 kV using transmission electron microscope with EDX equipment (Noran Instruments VANTAGE) to investigate the chemical composition of the electrodeposited Co-Cu alloys.
Magnetic properties of the electrodeposited Co-Cu alloys were measured at room temperature by a vibrating sample magnetometer in an applied field of up to 796 kA/m (10 kOe), and effects of annealing of the saturation magnetization and coercivity were investigated.
Results and Discussion
Transmission electron micrographs of Sample A are shown in Fig. 1 , where (a) is for the as-deposited specimen, (b) is the enlargement of (a), and (c) is for the specimen annealed at 973 K for 1 h. In the as-deposited specimen, nanoscale lamellar phases were found in almost all grains and the grain size was very small (about 110 nm), as shown in Fig. 1(a) . The spacing of nanoscale lamellar phases was * 1 Graduate Student, Kyoto University * 2 Graduate Student, Kyoto University. Present address: Toyota Motor Corporation, Toyota 471-8571, Japan about 3 nm for the as-deposited specimen ( Fig. 1(b) ). However, the lamellar spacing was increased by annealing, and some grains containing no lamellar phases were found in the annealed specimens, as shown in Fig. 1 (c). The average lamellar spacing and grain size of each specimen are summarized in Table 1 . Details of the processing conditions and microstructures are described in another paper. 9) Both the average lamellar spacing and the grain size increased with increasing annealing temperature.
The magnetization curves of Samples A and B are shown in Figs. 2 and 3 Table 2 lists the values of saturation magnetization and coercivity for Samples A and B. Childress and Chein 8) investigated the magnetic properties of Co x Cu 1Àx alloys, whose structure remained single-phase fcc up to x ¼ 0:80, and they showed that the saturation magnetization monotonically decreases with increasing Cu concentration. Errahmani et al. 10 ) also reported the same result. However, the as-deposited specimen of Sample A exhibited greater saturation magnetization than Co bulk (¼ 1:82 Wb/m 2 ), although the Cu concentration was 7% in the lamellar phase in the as-deposited Sample A. 9) Note that the presence of the nanoscale lamellar structure enhanced the saturation magnetization.
It is known that the coercivity depends on the grain size, d,: the 1=d-dependence of coercivity above the critical size 11) and the extraordinary d 6 -dependence of coercivity below the critical size.
1) The latter is a result of the interplay of anisotropy fluctuations and exchange interactions, which can be explained by the random anisotropy model, 12) and it holds even in a single-phase nanocrystalline metal.
13) The critical size below which the d 6 -dependence of coercivity holds is 5-10 nm 14) or 20-60 nm 15) for Co-Cu alloys. Hence, the fact that the coercivity of the Co-Cu alloys was decreased by annealing indicates that the lamellar boundaries do not play the same role as the grain boundaries. The lamellar structures consist of planar defects such as twins.
9) Therefore, it is likely that in the 1=d-dependence range, planar faults such as twins as well as grain boundaries serve as the source of the enhanced magnetic hardness; 16) however, in the d 6 -dependence range, planar faults such as twins cannot suppress the local random anisotropy, in contrast with the grain boundaries.
It is of interest to note that the coercivity of the asdeposited Sample A was relatively large compared with that of the as-deposited Sample B. This is probably due to the residual strain 17) caused during the electrodeposition because the addition of saccharin can reduce the residual stress. Hence, the large decrease of coercivity by annealing at 673 K in the as-deposited Sample A may be related to the residual strain. However, in other cases, decreases of coercivity by annealing may be due to the grain growth.
Another important result in the present work is that the saturation magnetization was decreased by annealing. This contradicts the results in previous works.
10,18) Zhang et al. 19) pointed out the possibility of the enhancement of magnetization due to twins because less intragranular magnetic inhomogeneity is induced by twins. However, in general, the saturation magnetization tends to be affected by the chemical composition, rather than the interfaces such as grain boundaries. It should be noted that the average value of the Cu content dissolved in the Co matrix for the as-deposited Sample A (¼ 7 mass%) was larger than that for Sample A annealed at 973 K (¼ 5 mass%). The dissolution of solute atoms above the equilibrium solubility limit can enhance the saturation magnetization.
3) Therefore, another possible reason for the decrease in saturation magnetization upon annealing is a decrease in Cu content dissolved in the Co matrix. Further research is needed to understand the variation in saturation magnetization by annealing.
The effects of annealing in Co-Cu alloys on giant magnetoresistance (GMR) have already been extensively investigated. For example, the phase separation of granular Co 20 Cu 80 alloy by annealing gives rise to an increase in GMR. 10) However, in the present work, because the content of Cu in the electrodeposited Co-Cu alloy was very low, GMR was not obtained by annealing. On the other hand, in the present work it was demonstrated that Co alloys for which Cu solute atoms are forced to be dissolved in the Co matrix possess nanoscale lamellar structure in the grains, resulting in unique ferromagnetic properties. The nanoscale lamellar structure was not obtained in pure Co produced by electrodeposition under the same processing conditions. It is therefore suggested that the Cu solute atoms play a critical role in the formation of the nanoscale lamellar structure.
Conclusions
Nanocrystalline Co-Cu alloys containing a nanoscale lamellar structure were produced by electrodeposition, and the magnetic properties of the Co-Cu alloys were investigated. The results are concluded as follows:
(1) The as-deposited Co-Cu alloy with a lamellar structure with a spacing of 3 nm exhibited greater saturation magnetization than Co bulk. However, the saturation magnetization was decreased by annealing. This is related to a change in the lamellar structure upon annealing. (2) The coercivity as well as the saturation magnetization was decreased by annealing. Therefore, it is suggested in the d 6 -dependence range, the lamellar boundaries cannot suppress the local random anisotropy, in contrast with the grain boundaries. 
